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Cosmic Microwave Background

§ barotropic fluids  p = w r c2: 

• radiation  w = 1/3

• matter  w = 0

⇒ T ∝R−1

⇒ T ∝R−2

η =
nb
nγ
=10−10η10 =10

−10 ⋅ 274Ωbh
2

§ photon-to-baryon ratio (frozen in at BBNS)

=> there are lots of photons in the Universe!

⇒ T ∝R−1

=> and even though their temperature dropped
they should still be observable today!?

discovery
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§ photons in thermal equilibrium

§ adiabatically expanding Universe (see FRW lecture)
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§ adiabatically expanding photons
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c3
1
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u( !ν )d !ν = R−4 8πh !ν 3

c3
1

eh !ν /kB !T −1
d !ν

u(ν )dν = 8πhν 3

c3
1

ehν /kBT −1
dν

§ photons in thermal equilibrium

§ adiabatically expanding Universe (see FRW lecture)

T ∝R−1

p∝R−1⇔ν ∝R−1

§ adiabatically expanding photons

(Planck curve with              )!T = T / R

black-body radiation in an expanding Universe cools down,

but remains thermal (Tolman 1934).

(in agreement with                  as seen in Thermal History lecture)ρrad ∝R
−4

(Planck curve, spectral energy density rrad)

discovery
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§ predictions of isotropic cosmic background radiation

•  1946: George Gamow predicts T ≈ 50K
•  1948: Ralph Alpher & Robert Herman predict T ≈ 5K
•  1960: Robert Dicke re-estimates T ≈ 40K
•  1964: A. Doroshkevich & Igor Novikov suggest to search for the CMB!
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•  1948: Ralph Alpher & Robert Herman predict T ≈ 5K
•  1960: Robert Dicke re-estimates T ≈ 40K
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§ discovered 1957 by Emile Le Roux

• PhD student at Nancay Radio Observatory (France)

• found near-isotropic background of 3K at l=33cm

Evidence of CMB removed from  the 
article following the suggestion from 
the PhD supervisor.  

Emile Le Roux Phd Thesis (1957) 

Denisse, Lequeux, Le Roux scientific 
article (1957) 

Earlier and «unknown»  
detections of the CMB 

 
Emile probably lost the nobel prize. 
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• PhD student at Nancay Radio Observatory (France)

• found near-isotropic background of 3K at l=33cm

• removed from article following suggestion of her supervisor…
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article following the suggestion from 
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Cosmic Microwave Background

§ (re-)discovered 1965 by Penzias & Wilson

§ Nobel prize in 1978

discovery



Cosmic Microwave Background discovery

§ not very spectacularly announced…
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§ interpretation in same ApJ issue…
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Cosmic Microwave Background discovery

§ interpretation in same ApJ issue…

   …though dates back to ideas by
   Alpher,  Bethe & Gamov in 1948:

Dicke, Peebles & Wilkinson were actually
designing an experiment to search for the CMB…

…but eventually decided to publish jointly
w/ Penzias & Wilson!* 

*but the Nobel prize was only awarded for the discovery, not for the interpretation…



Cosmic Microwave Background discovery

§ black body radiation?

T = 2.725K

COBE satellite (1992):



Cosmic Microwave Background discovery

§ black body radiation?

•  measurements at various frequencies required!

T = 2.725K

COBE satellite (1992):



Cosmic Microwave Background discovery

T = 2.725K

COBE satellite (1992):

§ black body radiation!

•  measurements at various frequencies required
•  the most accurate black-body spectrum imaginable:



Cosmic Microwave Background discovery

T = 2.725K

COBE satellite (1992):

only monopole?

§ black body radiation!

•  measurements at various frequencies required
•  the most accurate black-body spectrum imaginable:
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COBE satellite (1992):
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§ dipole…

•  caused by movement of Local Group towards the Great Attractor at ca. 627 km/s
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Cosmic Microwave Background discovery

§ dipole…

•  caused by movement of Local Group towards the Great Attractor at ca. 627 km/s

→ a dipole has to exist unless MW is at rest with respects to CMB
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Cosmic Microwave Background discovery

§ dipole…

•  ...had been subject of lots of experiment since 1965:

→ a dipole has to exist unless MW is at rest with respects to CMB

DT = 3.353mK
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•  ...had been subject of lots of experiment since 1965:

→ a dipole has to exist unless MW is at rest with respects to CMB
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COBE satellite (1992):

more in a few slides...
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•  imprint of primordial density inhomogeneities!

DT = 18µK

COBE satellite (1992):

observed DT/T

photon decoupling



Cosmic Microwave Background discovery

§ …and lots of higher order anisotropies, too:

•  imprint of primordial density inhomogeneities!

•  Nobel prize for COBE PI’s Smoot & Mather in 2006

DT = 18µK

COBE satellite (1992):

observed DT/T

photon decoupling
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§ list of selected CMB missions to measure anisotropies

• 
• 1990: launch of COBE satellite  (Nobel prize in 2006 for discovery of DT/T)

• 1999: BOOMERanG and Maxima balloon experiments

• 2001: launch of WMAP satellite

• 2002: DASI discovers polarisation

• 2009: launch of Planck satellite
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Cosmic Microwave Background discovery

§ list of selected CMB missions to measure anisotropies

• 1983: launch of Russian satellite RELIKT-1 (announced discovery of DT/T in 1992…)

• 1990: launch of COBE satellite  (Nobel prize in 2006 for discovery of DT/T)

• 1999: BOOMERanG and Maxima balloon experiments

• 2001: launch of WMAP satellite

• 2002: DASI discovers polarisation

• 2009: launch of Planck satellite

improvement in accuracy!?
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§ anisotropies as measured by COBE (1992):

discovery



Cosmic Microwave Background

§ anisotropies as measured by WMAP (2001):

discovery
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§ anisotropies as measured by Planck (2015):

discovery
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§ anisotropies as measured in comparison:
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Cosmic Microwave Background

§ interactions between different forms of matter

5 Structure Formation

In the previous chapter, we derived the evolution equations for all matter and metric perturba-

tions. In principle, we could now solve these equations. The complex interactions between the

di↵erent species (see fig. 5.1) means that we get a large number of coupled di↵erential equations.

This set of equations is easy to solve numerically and this is what is usually done. However, our

goal in this chapter is to obtain some analytical insights into the basic qualitative features of

the solutions.
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Figure 5.1: Interactions between the di↵erent forms of matter in the universe.

5.1 Initial Conditions

Any mode of interest for observations today was outside the Hubble radius if we go back su�-

ciently far into the past. Inflation sets the initial condition for these superhorizon modes. The

prediction from inflation (see Ch. 6) is presented most conveniently in terms of a spectrum of

fluctuations for the curvature perturbation R. Eq. (4.4.175) relates this to the gravitational

potential � in Newtonian gauge

R = ��� 2

3(1 + w)

✓
�0

H + �

◆
, (5.1.1)

where w is the equation of state of the background. For adiabatic perturbations, we have

c
2
s ⇡ w and a combination of Einstein equations imply a closed form evolution equation for the

gravitational potential

� 00 + 3(1 + w)H� 0 + wk
2� = 0 . (5.1.2)

101

origin

Neutrinos



Cosmic Microwave Background

5 Structure Formation

In the previous chapter, we derived the evolution equations for all matter and metric perturba-

tions. In principle, we could now solve these equations. The complex interactions between the

di↵erent species (see fig. 5.1) means that we get a large number of coupled di↵erential equations.

This set of equations is easy to solve numerically and this is what is usually done. However, our

goal in this chapter is to obtain some analytical insights into the basic qualitative features of

the solutions.

Metric

Dark
Energy

Electrons

Photons

Neutrions

Dark
Matter

Protons

Rad
iatio

n

Baryons Mat
ter

Thomson
Scattering

Coulomb
Scattering

Figure 5.1: Interactions between the di↵erent forms of matter in the universe.

5.1 Initial Conditions

Any mode of interest for observations today was outside the Hubble radius if we go back su�-

ciently far into the past. Inflation sets the initial condition for these superhorizon modes. The

prediction from inflation (see Ch. 6) is presented most conveniently in terms of a spectrum of

fluctuations for the curvature perturbation R. Eq. (4.4.175) relates this to the gravitational

potential � in Newtonian gauge

R = ��� 2

3(1 + w)

✓
�0

H + �

◆
, (5.1.1)

where w is the equation of state of the background. For adiabatic perturbations, we have

c
2
s ⇡ w and a combination of Einstein equations imply a closed form evolution equation for the

gravitational potential

� 00 + 3(1 + w)H� 0 + wk
2� = 0 . (5.1.2)

101

§ interactions between different forms of matter

only for as long as
there are free electrons

origin

Neutrinos



Cosmic Microwave Background

5 Structure Formation

In the previous chapter, we derived the evolution equations for all matter and metric perturba-

tions. In principle, we could now solve these equations. The complex interactions between the

di↵erent species (see fig. 5.1) means that we get a large number of coupled di↵erential equations.

This set of equations is easy to solve numerically and this is what is usually done. However, our

goal in this chapter is to obtain some analytical insights into the basic qualitative features of

the solutions.

Metric

Dark
Energy

Electrons

Photons

Neutrions

Dark
Matter

Protons

Rad
iatio

n

Baryons Mat
ter

Thomson
Scattering

Coulomb
Scattering

Figure 5.1: Interactions between the di↵erent forms of matter in the universe.

5.1 Initial Conditions

Any mode of interest for observations today was outside the Hubble radius if we go back su�-

ciently far into the past. Inflation sets the initial condition for these superhorizon modes. The

prediction from inflation (see Ch. 6) is presented most conveniently in terms of a spectrum of

fluctuations for the curvature perturbation R. Eq. (4.4.175) relates this to the gravitational

potential � in Newtonian gauge

R = ��� 2

3(1 + w)

✓
�0

H + �

◆
, (5.1.1)

where w is the equation of state of the background. For adiabatic perturbations, we have

c
2
s ⇡ w and a combination of Einstein equations imply a closed form evolution equation for the

gravitational potential

� 00 + 3(1 + w)H� 0 + wk
2� = 0 . (5.1.2)

101

§ interactions between different forms of matter
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there are free electrons

origin

Neutrinos

even after e--e+ annihilation
there are electrons left…

(cf. Baryogenesis lecture)
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Cosmic Microwave Background

§ CMBR origin

prior to recombination

origin

Thomson scattering

• electrons and photons couple via Thomson scattering
• Universe is opaque for radiation

after decoupling
• electrons are bound to protons
• photons are free to travel

recombination and decoupling are not the same
and happen at different times…

At what temperatures
will this happen?
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Cosmic Microwave Background

e− + p↔H +γ

§ CMBR origin calculation – hydrogen recombination

origin

we are interested in the fraction of free electrons:

those are the ones participating in the scattering with photons!

𝑒! + 𝛾 ↔ 𝑒! + 𝛾
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e− + p↔H +γ

ne = np
mH ≈ mp

ge = gp = 2
gH = 4
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Figure 3.8: Free electron fraction as a function of redshift.

Hydrogen Recombination

Let us define the recombination temperature Trec as the temperature where22 Xe = 10�1

in (3.3.108), i.e. when 90% of the electrons have combined with protons to form hydrogen.

We find

Trec ⇡ 0.3 eV ' 3600K . (3.3.109)

The reason that Trec ⌧ BH = 13.6 eV is that there are very many photons for each hydrogen

atom, ⌘ ⇠ 10�9 ⌧ 1. Even when T < BH, the high-energy tail of the photon distribution

contains photons with energy E > BH so that they can ionize a hydrogen atom.

Exercise.—Confirm the estimate in (3.3.109).

Using Trec = T0(1 + zrec), with T0 = 2.7K, gives the redshift of recombination,

zrec ⇡ 1320 . (3.3.110)

Since matter-radiation equality is at zeq ' 3500, we conclude that recombination occurred

in the matter-dominated era. Using a(t) = (t/t0)2/3, we obtain an estimate for the time of

recombination

trec =
t0

(1 + zrec)3/2
⇠ 290 000 yrs . (3.3.111)

Photon Decoupling

Photons are most strongly coupled to the primordial plasma through their interactions with

electrons

e
� + � $ e

� + � , (3.3.112)

22There is nothing deep about the choice Xe(Trec) = 10�1. It is as arbitrary as it looks.
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Hydrogen Recombination

Let us define the recombination temperature Trec as the temperature where22 Xe = 10�1

in (3.3.108), i.e. when 90% of the electrons have combined with protons to form hydrogen.

We find

Trec ⇡ 0.3 eV ' 3600K . (3.3.109)

The reason that Trec ⌧ BH = 13.6 eV is that there are very many photons for each hydrogen

atom, ⌘ ⇠ 10�9 ⌧ 1. Even when T < BH, the high-energy tail of the photon distribution

contains photons with energy E > BH so that they can ionize a hydrogen atom.

Exercise.—Confirm the estimate in (3.3.109).

Using Trec = T0(1 + zrec), with T0 = 2.7K, gives the redshift of recombination,

zrec ⇡ 1320 . (3.3.110)

Since matter-radiation equality is at zeq ' 3500, we conclude that recombination occurred

in the matter-dominated era. Using a(t) = (t/t0)2/3, we obtain an estimate for the time of

recombination
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(1 + zrec)3/2
⇠ 290 000 yrs . (3.3.111)

Photon Decoupling

Photons are most strongly coupled to the primordial plasma through their interactions with

electrons
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22There is nothing deep about the choice Xe(Trec) = 10�1. It is as arbitrary as it looks.
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Hydrogen Recombination

Let us define the recombination temperature Trec as the temperature where22 Xe = 10�1

in (3.3.108), i.e. when 90% of the electrons have combined with protons to form hydrogen.

We find

Trec ⇡ 0.3 eV ' 3600K . (3.3.109)

The reason that Trec ⌧ BH = 13.6 eV is that there are very many photons for each hydrogen

atom, ⌘ ⇠ 10�9 ⌧ 1. Even when T < BH, the high-energy tail of the photon distribution

contains photons with energy E > BH so that they can ionize a hydrogen atom.

Exercise.—Confirm the estimate in (3.3.109).

Using Trec = T0(1 + zrec), with T0 = 2.7K, gives the redshift of recombination,

zrec ⇡ 1320 . (3.3.110)

Since matter-radiation equality is at zeq ' 3500, we conclude that recombination occurred

in the matter-dominated era. Using a(t) = (t/t0)2/3, we obtain an estimate for the time of

recombination
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⇠ 290 000 yrs . (3.3.111)
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Photons are most strongly coupled to the primordial plasma through their interactions with

electrons
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22There is nothing deep about the choice Xe(Trec) = 10�1. It is as arbitrary as it looks.

Trec= 0.31eV << BH
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Hydrogen Recombination

Let us define the recombination temperature Trec as the temperature where22 Xe = 10�1

in (3.3.108), i.e. when 90% of the electrons have combined with protons to form hydrogen.

We find

Trec ⇡ 0.3 eV ' 3600K . (3.3.109)

The reason that Trec ⌧ BH = 13.6 eV is that there are very many photons for each hydrogen

atom, ⌘ ⇠ 10�9 ⌧ 1. Even when T < BH, the high-energy tail of the photon distribution

contains photons with energy E > BH so that they can ionize a hydrogen atom.

Exercise.—Confirm the estimate in (3.3.109).

Using Trec = T0(1 + zrec), with T0 = 2.7K, gives the redshift of recombination,

zrec ⇡ 1320 . (3.3.110)
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in the matter-dominated era. Using a(t) = (t/t0)2/3, we obtain an estimate for the time of
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Hydrogen Recombination

Let us define the recombination temperature Trec as the temperature where22 Xe = 10�1

in (3.3.108), i.e. when 90% of the electrons have combined with protons to form hydrogen.

We find

Trec ⇡ 0.3 eV ' 3600K . (3.3.109)

The reason that Trec ⌧ BH = 13.6 eV is that there are very many photons for each hydrogen

atom, ⌘ ⇠ 10�9 ⌧ 1. Even when T < BH, the high-energy tail of the photon distribution

contains photons with energy E > BH so that they can ionize a hydrogen atom.

Exercise.—Confirm the estimate in (3.3.109).

Using Trec = T0(1 + zrec), with T0 = 2.7K, gives the redshift of recombination,

zrec ⇡ 1320 . (3.3.110)

Since matter-radiation equality is at zeq ' 3500, we conclude that recombination occurred

in the matter-dominated era. Using a(t) = (t/t0)2/3, we obtain an estimate for the time of
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⇠ 290 000 yrs . (3.3.111)
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§ CMBR origin calculation – hydrogen recombination

• hydrogen recombination: Trec= 0.31eV
zrec= 1330 (defined via Xe=0.1 and hence not instantaneous!)
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Hydrogen Recombination

Let us define the recombination temperature Trec as the temperature where22 Xe = 10�1

in (3.3.108), i.e. when 90% of the electrons have combined with protons to form hydrogen.

We find

Trec ⇡ 0.3 eV ' 3600K . (3.3.109)

The reason that Trec ⌧ BH = 13.6 eV is that there are very many photons for each hydrogen

atom, ⌘ ⇠ 10�9 ⌧ 1. Even when T < BH, the high-energy tail of the photon distribution

contains photons with energy E > BH so that they can ionize a hydrogen atom.

Exercise.—Confirm the estimate in (3.3.109).

Using Trec = T0(1 + zrec), with T0 = 2.7K, gives the redshift of recombination,

zrec ⇡ 1320 . (3.3.110)

Since matter-radiation equality is at zeq ' 3500, we conclude that recombination occurred

in the matter-dominated era. Using a(t) = (t/t0)2/3, we obtain an estimate for the time of

recombination

trec =
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(1 + zrec)3/2
⇠ 290 000 yrs . (3.3.111)

Photon Decoupling

Photons are most strongly coupled to the primordial plasma through their interactions with

electrons
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� + � , (3.3.112)

22There is nothing deep about the choice Xe(Trec) = 10�1. It is as arbitrary as it looks.
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Hydrogen Recombination

Let us define the recombination temperature Trec as the temperature where22 Xe = 10�1

in (3.3.108), i.e. when 90% of the electrons have combined with protons to form hydrogen.

We find

Trec ⇡ 0.3 eV ' 3600K . (3.3.109)

The reason that Trec ⌧ BH = 13.6 eV is that there are very many photons for each hydrogen

atom, ⌘ ⇠ 10�9 ⌧ 1. Even when T < BH, the high-energy tail of the photon distribution

contains photons with energy E > BH so that they can ionize a hydrogen atom.

Exercise.—Confirm the estimate in (3.3.109).

Using Trec = T0(1 + zrec), with T0 = 2.7K, gives the redshift of recombination,

zrec ⇡ 1320 . (3.3.110)

Since matter-radiation equality is at zeq ' 3500, we conclude that recombination occurred

in the matter-dominated era. Using a(t) = (t/t0)2/3, we obtain an estimate for the time of

recombination

trec =
t0

(1 + zrec)3/2
⇠ 290 000 yrs . (3.3.111)

Photon Decoupling

Photons are most strongly coupled to the primordial plasma through their interactions with

electrons

e
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22There is nothing deep about the choice Xe(Trec) = 10�1. It is as arbitrary as it looks.

decoupling (of the remaining free electrons)?
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§ CMBR origin calculation – photon decoupling

• photon decoupling: e− +γ↔ e− +γ

decoupling condition: G/H < 1

origin
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§ CMBR origin calculation – photon decoupling
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decoupling condition: G/H < 1

origin

Γγ ≈ ne σ Tc = nbXe σ Tc



Cosmic Microwave Background

• hydrogen recombination: Trec= 0.31eV
zrec= 1330

§ CMBR origin calculation – photon decoupling

• photon decoupling: e− +γ↔ e− +γ

decoupling condition: G/H < 1

Γγ ≈ ne σ Tc = nbXe σ Tc =η
2ζ (3)
π 2

k
!c
#

$
%

&

'
(
3

T 3 Xeσ Tc

origin



Cosmic Microwave Background

• hydrogen recombination: Trec= 0.31eV
zrec= 1330

§ CMBR origin calculation – photon decoupling

• photon decoupling: e− +γ↔ e− +γ

decoupling condition: G/H < 1

Γγ ≈ ne σ Tc = nbXe σ Tc =η
2ζ (3)
π 2

k
!c
#

$
%

&

'
(
3

T 3 Xeσ Tc

H = ...

origin



Cosmic Microwave Background

• hydrogen recombination: Trec= 0.31eV
zrec= 1330

§ CMBR origin calculation – photon decoupling

• photon decoupling: e− +γ↔ e− +γ

decoupling condition: G/H < 1

matter domination (as zrec<< zeq):

Γγ ≈ ne σ Tc = nbXe σ Tc =η
2ζ (3)
π 2

k
!c
#

$
%

&

'
(
3

T 3 Xeσ Tc

origin

H = H0
2Ωm,0R

−3( )
1/2



Cosmic Microwave Background

• hydrogen recombination: Trec= 0.31eV
zrec= 1330

§ CMBR origin calculation – photon decoupling

• photon decoupling: e− +γ↔ e− +γ

decoupling condition: G/H < 1

matter domination (as zrec<< zeq):

Γγ ≈ ne σ Tc = nbXe σ Tc =η
2ζ (3)
π 2

k
!c
#

$
%

&

'
(
3

T 3 Xeσ Tc

origin

H = H0
2Ωm,0R

−3( )
1/2

T ∝R−1 for photons



Cosmic Microwave Background
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§ CMBR origin calculation – photon decoupling

• photon decoupling: Tdec= 0.27eV
zdec= 1090
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Figure 3.8: Free electron fraction as a function of redshift.

Hydrogen Recombination

Let us define the recombination temperature Trec as the temperature where22 Xe = 10�1

in (3.3.108), i.e. when 90% of the electrons have combined with protons to form hydrogen.

We find

Trec ⇡ 0.3 eV ' 3600K . (3.3.109)

The reason that Trec ⌧ BH = 13.6 eV is that there are very many photons for each hydrogen

atom, ⌘ ⇠ 10�9 ⌧ 1. Even when T < BH, the high-energy tail of the photon distribution

contains photons with energy E > BH so that they can ionize a hydrogen atom.

Exercise.—Confirm the estimate in (3.3.109).

Using Trec = T0(1 + zrec), with T0 = 2.7K, gives the redshift of recombination,

zrec ⇡ 1320 . (3.3.110)

Since matter-radiation equality is at zeq ' 3500, we conclude that recombination occurred

in the matter-dominated era. Using a(t) = (t/t0)2/3, we obtain an estimate for the time of

recombination

trec =
t0

(1 + zrec)3/2
⇠ 290 000 yrs . (3.3.111)

Photon Decoupling

Photons are most strongly coupled to the primordial plasma through their interactions with

electrons

e
� + � $ e

� + � , (3.3.112)

22There is nothing deep about the choice Xe(Trec) = 10�1. It is as arbitrary as it looks.
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Trec ⇡ 0.3 eV ' 3600K . (3.3.109)

The reason that Trec ⌧ BH = 13.6 eV is that there are very many photons for each hydrogen

atom, ⌘ ⇠ 10�9 ⌧ 1. Even when T < BH, the high-energy tail of the photon distribution

contains photons with energy E > BH so that they can ionize a hydrogen atom.

Exercise.—Confirm the estimate in (3.3.109).

Using Trec = T0(1 + zrec), with T0 = 2.7K, gives the redshift of recombination,

zrec ⇡ 1320 . (3.3.110)

Since matter-radiation equality is at zeq ' 3500, we conclude that recombination occurred

in the matter-dominated era. Using a(t) = (t/t0)2/3, we obtain an estimate for the time of

recombination
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Photon Decoupling

Photons are most strongly coupled to the primordial plasma through their interactions with
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22There is nothing deep about the choice Xe(Trec) = 10�1. It is as arbitrary as it looks.
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• photon decoupling: Tdec= 0.27eV
zdec= 1090
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Hydrogen Recombination

Let us define the recombination temperature Trec as the temperature where22 Xe = 10�1

in (3.3.108), i.e. when 90% of the electrons have combined with protons to form hydrogen.

We find

Trec ⇡ 0.3 eV ' 3600K . (3.3.109)

The reason that Trec ⌧ BH = 13.6 eV is that there are very many photons for each hydrogen

atom, ⌘ ⇠ 10�9 ⌧ 1. Even when T < BH, the high-energy tail of the photon distribution

contains photons with energy E > BH so that they can ionize a hydrogen atom.

Exercise.—Confirm the estimate in (3.3.109).

Using Trec = T0(1 + zrec), with T0 = 2.7K, gives the redshift of recombination,

zrec ⇡ 1320 . (3.3.110)

Since matter-radiation equality is at zeq ' 3500, we conclude that recombination occurred

in the matter-dominated era. Using a(t) = (t/t0)2/3, we obtain an estimate for the time of
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Cosmic Microwave Background

§ discovery

§ origin

§ CMB fluctuations
• primary (created during inflation):

- intrinsic fluctuations
- how to quantify them?
- what’s their nature?
- sensitivity to cosmological parameters?

• secondary (created after photon decoupling):
- what’s their nature?
- what’s their importance?

outline
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Cosmic Microwave Background intrinsic fluctuations

§ cosmic timeline

last scattering surface (CMB origin)

where do the structures we see come from?
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Cosmic Microwave Background intrinsic fluctuations

there must be some primordial matter(!) fluctuations  

acting as seeds for all the structures in the Universe!?
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Cosmic Microwave Background intrinsic fluctuations

last scattering surface

§ seed inhomogeneities and their relation to temperature fluctuations:

• “inflation” of quantum fluctuations lead to...

• primordial matter perturbations*

inflation

structure growth over time !?

*Note: we are not dealing with dark matter perturbations here as they decoupled after inflation, but long before ‘last scattering’
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§ seed inhomogeneities and their relation to temperature fluctuations:

• primordial matter perturbations are amplified via gravity

• …intrinsic fluctuations in the CMB
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Cosmic Microwave Background intrinsic fluctuations

§ seed inhomogeneities and their relation to temperature fluctuations:

• primordial matter perturbations are amplified via gravity

• …intrinsic fluctuations in the CMB

inflation

structure growth over time !?

observed DT/T
last scattering surface:

cold spots in CMB ≙ high-density regions

hot spots in CMB ≙ low-density regions

structure growth over time !

today

what about the CMB?

observed Drm/rm

photons travel freelyphotons coupled to
(baryonic) matter
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§ seed inhomogeneities and their relation to temperature fluctuations:

• primordial matter perturbations are amplified via gravity

• intrinsic fluctuations in CMB are conserved
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photons coupled to
(baryonic) matter

intrinsic fluctuations

inflation

structure growth over time !?

observed DT/T
last scattering surface:

cold spots in CMB ≙ high-density regions

hot spots in CMB ≙ low-density regions

structure growth over time!

today

Tg ~ R-1

observed Drm/rm

§ seed inhomogeneities and their relation to temperature fluctuations:

• primordial matter perturbations are amplified via gravity

• intrinsic fluctuations in CMB are conserved

we require some relation
DT/T  =  k  Drm/rm

(Drm/rm)dec (Drm/rm)0

photons travel freelycan we estimate the size of
the observed DT/T ?
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Cosmic Microwave Background intrinsic fluctuations

predicted (DT/T)dec

§ (seed) inhomogeneities and their relation to temperature fluctuations:

DT/T  =  k  Drm/rm

(Drm/rm)dec

observed (Drm/rm)0

a) theoretical
structure formation

b) some relation

predicted (DT/T)0 = (DT/T)dec

radiation
remains thermal

?
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Cosmic Microwave Background intrinsic fluctuations

• solution*:  dm,0 = dm,dec a

*for matter dominated Universe with Wm≈1

§ theoretical structure formation (see “LSS” lecture)

!!δm + 2H !δm = 4πGρmδm with δm =
Δρm
ρm
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Figure 1: For adiabatic perturbations, the conditions in the perturbed universe
(right) at (t1,x) equal conditions in the (homogeneous) background universe (left)
at some time t1 + δt(x).

Thus for adiabatic perturbations we have

δi
1 + wi

=
δj

1 + wj
. (11.28)

For matter components wi = 0, and for radiation components wi =
1
3 . Thus, for

adiabatic perturbations, all matter components have the same perturbation

δi = δm (11.29)

and we likewise have for all radiation perturbations

δi = δr =
4

3
δm . (11.30)

The isocurvature perturbation between two components is defined as

Sij ≡ −3H

(

δρi
˙̄ρi
−
δρj
˙̄ρj

)

=
δi

1 + wi
−

δj
1 + wj

, (11.31)

and it describes deviation from the adiabatic case.
Adiabatic perturbations remain adiabatic while they are outside the horizon and

are frozen, but isocurvature perturbations may develop when the perturbations enter
the horizon and start evolving, because different components can evolve differently.
However, there can also be primordial isocurvature perturbations. Present observa-
tional data is consistent with the primordial perturbations being purely adiabatic,
and any isocurvature contribution is constrained to be at most of the order of 10%.

11.5.1 Multifluid evolution

The background evolution is given by

3H2 = 8πGNρ̄− 3
K

a2
(11.32)

3
ä

a
= −4πGN(ρ̄+ 3p̄) (11.33)

0 = ˙̄ρi + 3H(ρ̄i + p̄i) . (11.34)
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§ theoretical structure formation (see “LSS” lecture)

!!δm + 2H !δm = 4πGρmδm with δm =
Δρm
ρm

• solution:  dm,0 = dm,dec a

• today (lower limit!):  dm,0 ³ 1

• decoupling:  zdec » 1100

δm,dec ≥10
−3

(lower limit!)

§ relation DT/T =  k  Drm/rm

 

 a) adiabatic perturbations:  Drm/rm = (3/4) Drr/rr

 b) relation Drr/rr  = 4 DT/T 

ΔT
T

=
1
3
Δρm
ρm

putting all together again...
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(Drm/rm)dec ≥ 10-3

observed (Drm/rm)0 ≥ 1

theoretical
structure formation

dm,0 = dm,dec / (1+zdec)

adiabatic pertubations

§ theoretical structure formation (see “LSS” lecture)

predicted (DT/T)0 ≥ 10-3

radiation
remains thermal

should have been detected
in 1970’s and 1980’s!
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predicted (DT/T)dec ≥ 10-3

DT/T  =  (1/3)  Drm/rm

(Drm/rm)dec ≥ 10-3

observed (Drm/rm)0 ≥ 1

theoretical
structure formation

dm,0 = dm,dec / (1+zdec)

adiabatic pertubations

§ theoretical structure formation (see “LSS” lecture)

predicted (DT/T)0 ≥ 10-3

radiation
remains thermal

observed (DT/T)0 ≤ 10-5

what’s wrong here?

we require some matter that already formed structures before zdec!
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§ dark matter to the rescue…

inflation decoupling today

baryons

without dark matter

(Drm,b/rm,b)0 ~ 10-3
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Cosmic Microwave Background intrinsic fluctuations

§ dark matter to the rescue…

inflation decoupling today

baryons

dark matter

(Drm,b/rm,b)0 ~ 1

gravity coupling

dark matter could form structures
prior to (re-)combination

observed DT/T » 10-5 compatible with (Drm/rm)0 > 1



Cosmic Microwave Background

§ discovery

§ origin

§ CMB fluctuations
• primary (created during inflation):

- intrinsic fluctuations
- how to quantify them?
- what’s their nature?
- sensitivity to cosmological parameters?

• secondary (created after photon decoupling):
- what’s their nature?
- what’s their importance?

outline



Cosmic Microwave Background how to quantify CMB fluctuations?

§ quantifying fluctuations on a sphere?



Cosmic Microwave Background how to quantify CMB fluctuations?

§ quantifying fluctuations on a sphere

€ 

ΔT
T
(ϑ ,ϕ) = almYlm (ϑ ,ϕ)

m=−l

+l

∑
l= 0

∞

∑

€ 

Ylm (ϑ ,ϕ) : spherical harmonics
  (complete orthonormal set of functions on the surface of a sphere)

spherical harmonicsl=0

l=1

l>1

→ monopole (not measurable)

→ dipole   (Local Group motion)

→ anisotropies we’re after!
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§ quantifying fluctuations on a sphere

€ 

ΔT
T
(ϑ ,ϕ) = almYlm (ϑ ,ϕ)

m=−l

+l

∑
l= 0

∞

∑

€ 

Cl =
1

2l +1
alm

2

m=− l

+ l

∑
Cl : power spectrum of temperature fluctuations

isotropy ≙ rotational invariance

how to quantify CMB fluctuations?
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§ quantifying fluctuations – Planck 2015 (Ade et al., astro-ph/1502.02114)

H0 = 67.8± 0.9
Ωm = 0.308± 0.012
Ωk < 0.005

Dl =
1
2π

l(l +1)Cl

how to quantify CMB fluctuations?
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§ discovery

§ origin

§ CMB fluctuations
• primary (created during inflation):

- intrinsic fluctuations
- how to quantify them?
- what’s their nature?
- sensitivity to cosmological parameters?

• secondary (created after photon decoupling):
- what’s their nature?
- what’s their importance?

outline
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§ nature of fluctuations

• baryonic matter was coupled to radiation prior to zrec ~ 1330



Cosmic Microwave Background nature of fluctuations

§ nature of fluctuations

• baryonic matter was coupled to radiation prior to zrec ~ 1330

why this sine-shape!?
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• baryonic matter was coupled to radiation prior to zrec ~ 1330
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§ nature of fluctuations

• baryonic matter was coupled to radiation prior to zrec ~ 1330

baryonic acoustic oscillations

existence of perturbations
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decoupling:
•oscillations are frozen
•photons are caught at extremes → translation into temperature fluctuations

§ baryonic acoustic oscillations

• gravity vs. radiation pressure è oscillations



Cosmic Microwave Background

sound horizon

compressions

rarefactions

…

…

§ baryonic acoustic oscillations

• gravity vs. radiation pressure è oscillations

nature of fluctuations

decoupling:
•oscillations are frozen
•photons are caught at extremes → translation into temperature fluctuations
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§ baryonic acoustic oscillations

• gravity vs. radiation pressure è oscillations è sound waves

• overdensity in DM, neutrinos, gas & photons

cs =
∂p
∂ρ

≈
c
3



Cosmic Microwave Background nature of fluctuations

§ baryonic acoustic oscillations

• gravity vs. radiation pressure è oscillations è sound waves

• overdensity in DM, neutrinos, gas & photons:
• DM is decoupled and hence able to gravitationally collapse right away

• neutrinos about to decouple and free stream out of overdensity

• gas & photons remain coupled until photon decoupling

→  overdensity/overpressured region travels outwards as sound wave

cs =
∂p
∂ρ

≈
c
3
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Eisenstein et al. (2007)

nature of fluctuations

§ baryonic acoustic oscillations

• gravity vs. radiation pressure è oscillations è sound waves

Oscillations: a toy model

let’s follow the perturbation in all the species:

cs =
∂p
∂ρ

≈
c
3
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Eisenstein et al. (2007)

nature of fluctuations

DM decoupled a long time ago already…

§ baryonic acoustic oscillations

• gravity vs. radiation pressure è oscillations è sound waves
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Eisenstein et al. (2007)

nature of fluctuations

neutrinos are about to decouple…

§ baryonic acoustic oscillations

• gravity vs. radiation pressure è oscillations è sound waves
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Eisenstein et al. (2007)

nature of fluctuations

but baryons & photons are still coupled!

§ baryonic acoustic oscillations

• gravity vs. radiation pressure è oscillations è sound waves
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Eisenstein et al. (2007)

nature of fluctuations

perturbation (in gas & photons) 
propagates as sound wave

through the plasma

§ baryonic acoustic oscillations

• gravity vs. radiation pressure è oscillations è sound waves
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~ recombination

Eisenstein et al. (2007)

nature of fluctuations
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Eisenstein et al. (2007)

baryons and photons
decoupled!

nature of fluctuations

§ baryonic acoustic oscillations

• gravity vs. radiation pressure è oscillations è sound waves
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Eisenstein et al. (2007)

nature of fluctuations

§ baryonic acoustic oscillations

• gravity vs. radiation pressure è oscillations è sound waves



Cosmic Microwave Background

Eisenstein et al. (2007)

dark matter gravity pull

nature of fluctuations

§ baryonic acoustic oscillations

• gravity vs. radiation pressure è oscillations è sound waves
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Eisenstein et al. (2007)

baryon gravity pull

nature of fluctuations

§ baryonic acoustic oscillations

• gravity vs. radiation pressure è oscillations è sound waves
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Eisenstein et al. (2007)

BAO scale!

nature of fluctuations
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BAO scale!

SDSS CfA2 BOSS
(Baryon Oscillations Spectroscopic Survey)

nature of fluctuations

§ baryonic acoustic oscillations as a standard ruler

• requirement for HUGE surveys
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SDSS

nature of fluctuations

Baryon Acoustic Oscillations 5

Fig. 2.— The large-scale redshift-space correlation function of the
SDSS LRG sample. The error bars are from the diagonal elements
of the mock-catalog covariance matrix; however, the points are cor-
related. Note that the vertical axis mixes logarithmic and linear
scalings. The inset shows an expanded view with a linear vertical
axis. The models are Ωmh2 = 0.12 (top, green), 0.13 (red), and
0.14 (bottom with peak, blue), all with Ωbh2 = 0.024 and n = 0.98
and with a mild non-linear prescription folded in. The magenta
line shows a pure CDM model (Ωmh2 = 0.105), which lacks the
acoustic peak. It is interesting to note that although the data ap-
pears higher than the models, the covariance between the points is
soft as regards overall shifts in ξ(s). Subtracting 0.002 from ξ(s)
at all scales makes the plot look cosmetically perfect, but changes
the best-fit χ2 by only 1.3. The bump at 100h−1 Mpc scale, on the
other hand, is statistically significant.

two samples on large scales is modest, only 15%. We make
a simple parameterization of the bias as a function of red-
shift and then compute b2 averaged as a function of scale
over the pair counts in the random catalog. The bias varies
by less than 0.5% as a function of scale, and so we conclude
that there is no effect of a possible correlation of scale with
redshift. This test also shows that the mean redshift as a
function of scale changes so little that variations in the
clustering amplitude at fixed luminosity as a function of
redshift are negligible.

3.2. Tests for systematic errors

We have performed a number of tests searching for po-
tential systematic errors in our correlation function. First,
we have tested that the radial selection function is not in-
troducing features into the correlation function. Our selec-
tion function involves smoothing the observed histogram
with a box-car smoothing of width ∆z = 0.07. This cor-
responds to reducing power in the purely radial mode at
k = 0.03h Mpc−1 by 50%. Purely radial power at k = 0.04
(0.02)h Mpc−1 is reduced by 13% (86%). The effect of this
suppression is negligible, only 5× 10−4 (10−4) on the cor-
relation function at the 30 (100) h−1 Mpc scale. Simply
put, purely radial modes are a small fraction of the total
at these wavelengths. We find that an alternative radial
selection function, in which the redshifts of the random

Fig. 3.— As Figure 2, but plotting the correlation function times
s2. This shows the variation of the peak at 20h−1 Mpc scales that is
controlled by the redshift of equality (and hence by Ωmh2). Vary-
ing Ωmh2 alters the amount of large-to-small scale correlation, but
boosting the large-scale correlations too much causes an inconsis-
tency at 30h−1 Mpc. The pure CDM model (magenta) is actually
close to the best-fit due to the data points on intermediate scales.

catalog are simply picked randomly from the observed red-
shifts, produces a negligible change in the correlation func-
tion. This of course corresponds to complete suppression
of purely radial modes.

The selection of LRGs is highly sensitive to errors in the
photometric calibration of the g, r, and i bands (Eisenstein
et al. 2001). We assess these by making a detailed model
of the distribution in color and luminosity of the sample,
including photometric errors, and then computing the vari-
ation of the number of galaxies accepted at each redshift
with small variations in the LRG sample cuts. A 1% shift
in the r − i color makes a 8-10% change in number den-
sity; a 1% shift in the g − r color makes a 5% changes in
number density out to z = 0.41, dropping thereafter; and
a 1% change in all magnitudes together changes the num-
ber density by 2% out to z = 0.36, increasing to 3.6% at
z = 0.47. These variations are consistent with the changes
in the observed redshift distribution when we move the
selection boundaries to restrict the sample. Such photo-
metric calibration errors would cause anomalies in the cor-
relation function as the square of the number density vari-
ations, as this noise source is uncorrelated with the true
sky distribution of LRGs.

Assessments of calibration errors based on the color of
the stellar locus find only 1% scatter in g, r, and i (Ivezić
et al. 2004), which would translate to about 0.02 in the
correlation function. However, the situation is more favor-
able, because the coherence scale of the calibration errors
is limited by the fact that the SDSS is calibrated in regions
about 0.6◦ wide and up to 15◦ long. This means that there
are 20 independent calibrations being applied to a given
6◦ (100h−1 Mpc) radius circular region. Moreover, some
of the calibration errors are even more localized, being
caused by small mischaracterizations of the point spread
function and errors in the flat field vectors early in the
survey (Stoughton et al. 2002). Such errors will average
down on larger scales even more quickly.

The photometric calibration of the SDSS has evolved
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§ baryonic acoustic oscillations as a standard ruler

• discovered in SDSS survey in 2005
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§ intrinsic fluctuations – where do they come from?

nature of fluctuations
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δT
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=
1
3
δρm
ρm

(adiabatic fluctuations)

§ intrinsic fluctuations – where do they come from?
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δT
T
=
1
3
δρm
ρm

(adiabatic fluctuations)

§ intrinsic fluctuations – where do they come from?

§ more detailed calculations:

• Sachs-Wolfe effect

• Doppler effect

• Silk damping
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§ Sachs-Wolfe effect

• variations in gravitational potential lead to temperature fluctuations

δT
T
=
1
3
δΦ
c2

last scattering surface

nature of fluctuations

Δθ ≈10o
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last scattering surface

dark matter over-density   = potential well → energy loss                            → lower temperature

dark matter under-density = potential hill  → no energy change                   → higher temperature

(+ time dilation!)

nature of fluctuations

(effect dominates on super-horizon scales…)

δT
T
=
1
3
δΦ
c2

§ Sachs-Wolfe effect

• variations in gravitational potential lead to temperature fluctuations

Δθ ≈10o
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§ Doppler effect

• last-scattering electrons have finite velocity

last scattering surface

e

e
V

V

nature of fluctuations

δT
T
= −

!
V ⋅ !n
c

Δθ ≈1o
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§ Silk damping

• photon diffusion from high to low-density regions
• electrons are dragged along via Compton interactions
• protons also follow due to Coulomb coupling to electrons

®  baryonic density fluctuations are damped!

nature of fluctuations

Δθ <<1o( )
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sensitive to baryon content!

§ Silk damping

• photon diffusion from high to low-density regions
• electrons are dragged along via Compton interactions
• protons also follow due to Coulomb coupling to electrons

®  baryonic density fluctuations are damped!
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§ discovery

§ origin

§ CMB fluctuations
• primary (created during inflation):

- intrinsic fluctuations
- how to quantify them?
- what’s their nature?
- sensitivity to cosmological parameters?

• secondary (created after photon decoupling):
- what’s their nature?
- what’s their importance?

outline



Cosmic Microwave Background sensitivity to cosmology

§ sensitivity to cosmic parameters

• curvature

92 CHAPTER 8. THE COSMIC MICROWAVE BACKGROUND

examples.

8.3.1 Curvature

The presence of a non-zero curvature determines if initially parallel light-rays stay parallel (flat space),
diverge (open universe) or converge (closed universe). In this way, it changes the angle under which we see
a given scale at last scattering (angular diameter distance), and therefore the position of the first peak. The
peaks appears to be at lower ℓ (larger scales) for a closed universe, and at higher ℓ (smaller scales) for an
open universe.

Curvature also changes the integrated Sachs-Wolfe contribution, which is visible only on very large scales
(very low ℓ).
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Figure 8.2: Sensitivity of the acoustic temperature spectrum to four fundamental cosmological parameters,
(a) curvature, (b) dark energy, (c) baryon density and (d) matter density. The models were varied around a
fiducial model with Ωtot = 1, ΩΛ = 0.65, Ωbh2 = 0.02, Ωmh2 = 0.147, ns = 1 and τ = 0. Figure from
Hu & Dodelson.
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§ sensitivity to cosmic parameters

• curvature
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l=200

first peak at l ~ 200 => Universe is spatially flat!
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Cosmic Microwave Background

§ sensitivity to cosmic parameters

• matter content - baryons

sensitivity to cosmology
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a given scale at last scattering (angular diameter distance), and therefore the position of the first peak. The
peaks appears to be at lower ℓ (larger scales) for a closed universe, and at higher ℓ (smaller scales) for an
open universe.

Curvature also changes the integrated Sachs-Wolfe contribution, which is visible only on very large scales
(very low ℓ).
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Figure 8.2: Sensitivity of the acoustic temperature spectrum to four fundamental cosmological parameters,
(a) curvature, (b) dark energy, (c) baryon density and (d) matter density. The models were varied around a
fiducial model with Ωtot = 1, ΩΛ = 0.65, Ωbh2 = 0.02, Ωmh2 = 0.147, ns = 1 and τ = 0. Figure from
Hu & Dodelson.

ratio of 1st to 2nd peak => Wbh2 ~ 0.02
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Cosmic Microwave Background

§ sensitivity to cosmic parameters

• matter content – all matter

sensitivity to cosmology

92 CHAPTER 8. THE COSMIC MICROWAVE BACKGROUND

examples.

8.3.1 Curvature

The presence of a non-zero curvature determines if initially parallel light-rays stay parallel (flat space),
diverge (open universe) or converge (closed universe). In this way, it changes the angle under which we see
a given scale at last scattering (angular diameter distance), and therefore the position of the first peak. The
peaks appears to be at lower ℓ (larger scales) for a closed universe, and at higher ℓ (smaller scales) for an
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§ sensitivity to cosmic parameters

• matter content – all matter

sensitivity to cosmology
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third peak separates dark matter from baryons => Wmh2 ~ 0.3
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sensitivity to cosmology
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third peak separates dark matter from baryons => Wmh2 ~ 0.3
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Note:
• anisotropies primarily depend on baryon-photon interactions/ratio
• dark matter has decoupled long before the emergence of the anisotropies



Cosmic Microwave Background

§ sensitivity to cosmic parameters

• matter content - dark energy

sensitivity to cosmology
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Cosmic Microwave Background

§ sensitivity to cosmic parameters

the shape of the power spectrum 
of the intrinsic temperature fluctuations in the CMB
depends sensitively on the cosmological parameters!

sensitivity to cosmology



Cosmic Microwave Background

§ discovery

§ origin

§ CMB fluctuations
• primary (created during inflation):

- intrinsic fluctuations
- how to quantify them?
- what’s their nature?
- sensitivity to cosmological parameters?

• secondary (created after photon decoupling):
- what’s their nature?
- what’s their importance?

outline



Cosmic Microwave Background

interactions of CMB photons with matter inbetween zdec and z=0

secondary effects



Cosmic Microwave Background secondary effects

SZ

Primary Anisotropies

ISW
D

oppler

V
ishniac

Lensing

Patchy rei.

Physics of Secondary Anisotropies

reionization
z~10

recombination
z~1000

acceleration
z~1

(Wayne Hu Lecture)



Cosmic Microwave Background secondary effects

•  integrated Sachs-Wolfe effect

•  Rees-Sciama effect

•  Sunyaev-Zeldovich effect (thermal & kinematic)

•  Ostriker-Vishniac effect

•  patchy reionisation of the Universe

•  gravitational lensing

§ secondary fluctuations – where do they come from?



Cosmic Microwave Background secondary effects

§ integrated Sachs-Wolfe (ISW) effect

• fluctuations due to global (time-varying) gravitational potential

• caused by time-varying linear perturbations (e.g. superclusters)



Cosmic Microwave Background secondary effects

§ integrated Sachs-Wolfe (ISW) effect

• fluctuations due to global (time-varying) gravitational potential

• caused by time-varying linear perturbations (e.g. superclusters)

crossing time ca. 3mio. years



Cosmic Microwave Background secondary effects

§ Rees-Sciama (RS) effect

• fluctuations due to local (time-varying) gravitational potential

• caused by time-varying non-linear perturbations (e.g. haloes)



Cosmic Microwave Background secondary effects

§ Sunyaev-Zeldovich (SZ) effect



Cosmic Microwave Background secondary effects

§ Sunyaev-Zeldovich (SZ) effect

• thermal: CMB photons scatter off the hot intra-cluster gas

• kinetic:  the cluster gas has a bulk motion with respects to the CMB
 and hence induces a Doppler shift



Cosmic Microwave Background secondary effects

§ Sunyaev-Zeldovich (SZ) effect

• thermal: CMB photons scatter off the hot intra-cluster gas

• kinetic:  the cluster gas has a bulk motion with respects to the CMB
 and hence induces a Doppler shift

the SZ effect is used to study galaxy clusters:

actual matter distribution hot gas (via X-rays) free electrons (via SZ)



Cosmic Microwave Background secondary effects

§ Ostriker-Vishniac (OV) effect

• higher order coupling between bulk flow of electrons
  and their density perturbations (outside virialized objects)



Cosmic Microwave Background secondary effects

§ patchy re-ionisation of the Universe

energy input from first objects



Cosmic Microwave Background secondary effects

§ patchy re-ionisation of the Universe

HII regions: free e- available for scattering!

energy input from first objects



Cosmic Microwave Background secondary effects

§ gravitational lensing
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Cosmic Microwave Background

§ discovery

§ origin

§ CMB fluctuations
• primary (created during inflation):

- intrinsic fluctuations
- how to quantify them?
- what’s their nature?
- sensitivity to cosmological parameters?

• secondary (created after photon decoupling):
- what’s their nature?
- what’s their importance?

outline



Cosmic Microwave Background secondary effects

§ relevance of secondary effects
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Cosmic Microwave Background secondary effects

§ relevance of secondary effects
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for l > 3000 lensing and tSZ dominate anisotropies!



Cosmic Microwave Background secondary effects

§ relevance of secondary effects
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Cosmic Microwave Background

§ discovery

§ origin

§ CMB fluctuations
• primary (created during inflation)
• secondary (created after photon decoupling)
• polarisation

outline



Cosmic Microwave Background polarisation



Cosmic Microwave Background polarisation

§ Thomson scattering

• the scattered wave is polarised perpendicular to the incidence direction

• light cannot be polarised along direction of motion:
      → only one linear polarisation state gets scattered



Cosmic Microwave Background polarisation

§ Thomson scattering

• the scattered wave is polarised perpendicular to the incidence direction

• incidence directions are isotropic → no net polarisation



Cosmic Microwave Background polarisation

§ Thomson scattering

• the scattered wave is polarised perpendicular to the incidence direction

• incidence directions has quadrupole → net polarisation

(these are only E modes)



Cosmic Microwave Background polarisation

§ CMB polarisation

• quadrupole anisotropy in photon flux due to…

• scalar perturbations (density)

• vector perturbations (vorticity)

• tensor perturbations (grav. waves)



Cosmic Microwave Background polarisation

§ CMB polarisation

• quadrupole anisotropy in photon flux due to…

• scalar perturbations (density)
- E-mode polarisation

• tensor perturbations (grav. waves)
- B-mode polarisation

cold spot

v

cold spot hot spothot spot

v

Figure 3: Generation of the local quadrupole anisotropies in the photon flux on the last scattering

surface from velocity gradients.

2 The CMB Temperature and Polarization Fields

The temperature anisotropy of the CMB is an scalar field, so it is invariant under rotation and has zero

parity (spin-0). Hence it can be expanded by the usual spherical harmonics Ylm(n̂) on the celestial

sphere

T (n̂) =
∑

lm

TlmYlm(n̂), (1)

where n̂ = (θ,φ) is the unit vector along the line of sight. The polarization of the CMB is described by

the electromagnetic field ϵ⃗, which is orthogonal to its direction of propagation k⃗. A general radiation is

an incoherent superposition of waves with the same wave vector k⃗ and different frequencies. Choosing

two basis vectors x̂ and ŷ orthogonal to k̂, all statistical information is encoded in the ‘coherence

matrix’ C:

C =

( 〈
|⃗ϵx|2

〉 〈
ϵ⃗xϵ⃗∗y

〉

⟨⃗ϵy ϵ⃗∗x⟩
〈
|⃗ϵy|2

〉

)

=
1

2

(
I + Q U − iV

U + iV I − Q

)

,

where the averages are over a range of frequencies. The quantities I, Q, U and V are all real and

called the Stokes parameters. The I parameter measures the radiation intensity. The other parameters

describe the polarization state. It can be shown that I2 ! Q2 + U2 + V 2, and because of this

property, it is always possible to decompose an observed radiation (I,Q,U, V ) into two components:

one completely unpolarized with
(
I − (Q2 + U2 + V 2)1/2, 0, 0, 0

)
, and the other elliptically polarized

with
(
(Q2+U2+V 2)1/2, Q,U, V

)
. Therefore, the parameters Q and U measure the linear polarization,

5
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Cosmic Microwave Background polarisation

§ CMB polarisation

http://background.uchicago.edu/~whu/polar/webversion/polar.html

http://background.uchicago.edu/~whu/polar/webversion/polar.html


Cosmic Microwave Background

http://www.class-code.net



Cosmic Microwave Background

http://lambda.gsfc.nasa.gov/toolbox/tb_camb_form.cfm


